During organogenesis in all multi-cellular organisms, axial patterning is required to transform a single layer organ primordium into a three-dimensional organ. The Drosophila eye model serves as an excellent model to study axial patterning. Dorso-ventral (DV) axis determination is the first lineage restriction event during axial patterning of the Drosophila eye. The early Drosophila eye primordium has a default ventral fate, and the dorsal eye fate is established by onset of dorsal selector gene pannier (pnr) expression in a group of cells on the dorsal eye margin. The boundary between dorsal and ventral compartments called the equator is the site for Notch (N) activation, which triggers cell proliferation and differentiation. This review will focus on (1) chronology of events during DV axis determination; (2) how early division of eye into dorsal and ventral compartments contributes towards the growth and patterning of the fly retina, and (3) functions of DV patterning genes. Developmental Dynamics 241:69-84,
INTRODUCTION
During development, the patterning signals progressively restrict cell fates by subdividing a large developing field into smaller fields with limited developmental potential. These smaller fields that correspond to the domains of expression of selector genes are referred to as compartments. The selective spatio-temporal expression pattern of the cell fate selector genes is responsible for the formation of compartments (Blair, 2001; Curtiss et al., 2002; Held, 2002; Dahmann et al., 2011) . The boundary between the compartments, where two different cell types are juxtaposed, is responsible for generating new signaling centers to regulate patterning, growth and differentiation of a developing field (Meinhardt, 1983; Blair, 2001) . Thus, formation of the developmental boundaries is crucial for maintaining the downstream patterning events (Blair, 2001; Curtiss et al., 2002; Dahmann et al., 2011) . Therefore, an important question in developmental biology is how these boundaries are generated and maintained during development. The aim of this review is to provide an overview of recent advances in our understanding of generation of the boundary between the dorsal and ventral compartment of the eye and its implications on development of the eye as an organ. This process is referred to as Dorso-Ventral (DV) patterning of the Drosophila eye. The Drosophila eye, an ideal model system for studying organogenesis, has been extensively used to investigate tissue patterning and cell-cell communication during axial patterning. Furthermore, Drosophila eye serves as an excellent model to understand the genetic mechanism responsible for division of a developing field into several smaller fields with positional fate restrictions (Singh et al., 2005b) . The genetic machinery that controls Drosophila eye development closely resembles that of higher vertebrates, suggesting conservation of certain genetic pathways throughout evolution (Wawersik and Maas, 2000; Gehring, 2005; Erclik et al., 2009; Kumar, 2009) . The axial pattern of the eye disc has not been well studied until recently due to the complexity of eye development.
Axial patterning, which is essential for organogenesis in all the multi-cellular organisms, involves formation of Antero-Posterior (AP), Dorso-Ventral (DV), and Proximo-Distal (PD) compartments Cohen, 1993) . During axial patterning of the wing-and the leg-imaginal discs, the sequence of events involves the division of a field into anterior and posterior compartments of independent cell lineages, followed by subdivision of these imaginal discs into dorsal and ventral compartments. Interestingly, this sequence of division is not followed in the developing eye imaginal disc because it does not have analogous anterior-posterior axis. Instead, DV patterning is the first lineage restriction in the developing eye imaginal disc (Singh and Choi, 2003; Singh et al., 2005b) . Despite the differences in the sequence of events, evidence suggests that some aspects of the DV patterning mechanism are highly conserved in the developing eye and the wing. An important common conclusion is that the border between DV compartments is a center for organizing the growth and patterning of the disc. In subsequent sections of the review, we will focus on the mechanism involved in generation of DV domains in the developing eye, and the genetic basis for the establishment of the DV pattern.
EYE IMAGINAL DISC
In Drosophila, a holometabolous insect, the primordia of all the adult structures are sequestered in the larva as epidermal invaginations that are called imaginal discs (Bodentstein, 1950; Ferris, 1950; Atkins and Mardon, 2009 ). The adult eye, antenna, head cuticle, and head structures develop from a common developing field called an eye-antennal imaginal disc (Cohen, 1993; Held, 2002) . The regions of the eye-antennal imaginal disc, which give rise to head structures including ptilinum, frons, and maxillary palpus, originate from five embryonic segments and the acron (Jurgens and Hartenstein, 1993; Younossi-Hartenstein and Hartenstein, 1993) . The monolayer epithelium does not accurately reflect the sac-like anatomy of the imaginal discs (Gibson and Schubiger, 2001) . Drosophila imaginal discs are a contiguous cell sheet of flattened epithelial cells with two opposing surfaces, a columnar epithelium called disc proper (DP) and a squamous peripodial epithelium called the peripodial membrane (PM) (McClure and Schubiger, 2005; Atkins and Mardon, 2009 ). The Drosophila retina develops from the DP while the PM of the eye-antennal disc gives rise to the adult head structures ( Fig. 1 ; Milner et al., 1983; Haynie and Bryant, 1986; Atkins and Mardon, 2009 ). The eye-antennal imaginal disc emerges from an embryonic imaginal primordium, which is an anterior-dorsal sac comprising approximately 20 cells that are set aside during mid-embryogenesis (Poulson, 1950; Garcia-Bellido and Merriam, 1969; Yamamoto, 1996) . The embryonic precursors for imaginal discs grow asynchronously from the rest of the developing embryo (Anderson, 1972a,b; Crick and Lawrence, 1975; Cohen, 1993; Held, 2002; Kumar, 2011) . In the first two larval stages, the eye imaginal disc cells divide and grow. The distinction between the developing antenna and the eye field begins to appear during the second instar larvae (Kumar and Moses, 2001; Kenyon et al., 2003; Dominguez and Casares, 2005; Atkins and Mardon, 2009 ). The developing eye field is further divided into precursors for the eye proper, head cuticle, and the ocelli while the antennal field divides into precursors for the antenna and head cuticle. Retinal differentiation begins from the posterior margin of the eye imaginal disc during late second instar or early third instar stage of larval development (Ready et al., 1976) . Since the retinal differentiation is synchronous in nature, it appears like a wave of differentiation initiating at the posterior margin of eye imaginal disc, which then proceeds anteriorly. The wave of differentiation is referred to as the morphogenetic furrow (MF, Fig. 1 A, A', arrowhead). It results in transition of an undifferentiated epithelium to differentiated cell types comprised of regularly spaced photoreceptor clusters (Ready et al., 1976; Wolff and Ready, 1993) . Posterior to the furrow, photoreceptor clusters are generated by a sequence of events including the selection of the R8 founder neuron and recruitments of additional photoreceptor precursors in the order of R2/ 5, R3/4, and R1/6/7 (Wolff and Ready, 1993; Kumar, 2011) . Thus, if the eye imaginal disc is largely undifferentiated until second instar of development, an interesting issue is how compartments are identified in the Drosophila eye imaginal disc.
DORSAL AND VENTRAL COMPARTMENTS AND THE EQUATOR
The adult compound eye is comprised of approximately 800 unit eyes or ommatidia (Fig. 1D) . Each ommatidium consists of eight photoreceptor neurons assembled in an asymmetric trapezoidal pattern, and when viewed from the top it resembles a honeycomb-like, hexagonal facet. The surrounding cell types are non-neuronal and include pigment, cone cells, and mechanosensory bristles ( Fig. 1E, F ; Wolff and Ready, 1993) . This pattern of organization is repeated in all ommatidia of the eye. However, despite the similarity in the cellular composition of each ommatidium, the spatial arrangement of ommatidia in the eye is organized in two orientations (Fig. 1E, F) . These two orientations also serve as a marker to distinguish the dorsal and the ventral halves of adult eye. The photoreceptors are arranged in a trapezoidal fashion within an ommatidium. The ommatidial clusters within an eye are organized in a mirror asymmetry as they are polarized in the opposite directions (Fig. 1E, F) . The boundary between the ommatidia of the dorsal half and their mirror image ventral ommatidia is referred to as an equator (Fig. 1E, F) . This mirror symmetry, which corresponds to DV axis or compartments of the adult eye, has been described in many insect eyes (Dietrich, 1909) . Since the developmental mechanisms underlying the DV pattern have not been studied in detail, it raises an interesting question of how the dorsal and ventral pattern is established.
The pioneering studies to discern the relation between the equator and the DV compartmental boundary in the Drosophila eye suggested that the equator is not determined as the boundary between the dorsal and ventral cell lineages (Ready et al., 1976) . Even though the result from this study does not exclude the possibility that the dorsal and the ventral domains of the eye derive from two independent cell lineages, the lineage boundary may not precisely correspond to the equator. A series of elegant genetic analysis experiments involving a large number of mosaic clones in the adult eye and the head supported this idea (Baker, 1978) . These experiments demonstrated that clones strictly follow the DV boundary, and they do not intermingle near the DV border (Held, 2002) . These results validated the hypothesis that Drosophila eye derives from DV compartments. The wing imaginal disc is divided into anterior and posterior groups of cells in its early stage of development, which is followed by further partitioning into dorsal and ventral compartments (Lawrence and Morata, 1976) . To analyze whether the eye and the head are also subdivided into different domains by sequential compartmentalization as in the wing, another mosaic analysis was carried out. Nearly all clones (96%) were restricted to either dorsal or ventral domains of the eye, thereby confirming the presence of a boundary between the dorsal and ventral cells. Thus, clones generated in the dorsal or ventral compartment did not cross the DV boundary. A few clones (4%) did cross the DV border, which was probably due to the fact that such clones might have been induced prior to compartmentalization (formation of dorsal and ventral compartment boundary) or two independent dorsal and ventral clones might have juxtaposed at the equator region thereby giving a false notion of a single clone not respecting the DV boundary (Baker, 1978) . The DV lineage restriction observed in the adult eye was also confirmed in the developing eye imaginal disc where large clones do not cross the DV midline and showed a sharp outline along the DV midline, and the clones located within the dorsal or ventral domain had wiggly borders (Dominguez and de Celis, 1998) . Unlike the DV lineage restriction that is established in the first instar larval eye imaginal discs, there is evidence that anterior-posterior restriction occurs a little later in the second instar eye imaginal disc. Thus, the significance of this anterior-posterior restriction remains to be seen as the morphological distinction between the anterior and posterior regions. In subsequent sections, we discuss the role of DV patterning genes and the generation of pattern along the DV axis of the eye.
GENESIS OF THE EYE
The DV boundary has been suggested as the site for the activation of Notch (N) signaling in the eye imaginal disc to promote growth (de Celis et al., 1996; Go et al., 1998; Baonza and Garcia-Bellido, 2000) . However, if DV patterning occurs as late as seen in the adult eye based on the orientation of the photoreceptors, then it may not be crucial for the growth of the eye. Thus, efforts were channeled towards investigating whether DV patterning takes place earlier during eye development. Seminal reports from three different groups established that DV lineage restriction takes place earlier during larval eye development due to domain-specific expression of the DV patterning genes Dominguez and de Celis, 1998; Papayannopoulos et al., 1998) . The DV patterning genes are a class of genes involved in generating and maintaining the DV lineage in the eye. These reports identified a new time line for the initiation of DV patterning to early larval development. They also identified the genes whose expression and/or function was restricted either to the dorsal or ventral compartment of the eye. Thus, it was proposed that DV patterning in the eye is generated by the domain-restricted expression of the dorsal and the ventral eye genes Dominguez and de Celis, 1998; Papayannopoulos et al., 1998; Cho et al., 2000) .
The basic question was what is the default state of the early eye primordium? To answer this question, several groups directed their efforts to identify the genes that are expressed in the early eye primordium. During embryonic development, the eye primordium begins as a homogenous group of cells that continue to grow during first larval instar to form the eye imaginal disc. All the cells of the first-instar eye imaginal disc uniformly express Lobe (L), a gene known to be involved in ventral eye development (Singh and Choi, 2003) . These studies revealed that until the late first instar of larval eye development, the entire eye primordium is ventral in fate and depends on the function of ventral genes like L and its downstream target Serrate (Ser) (Singh and Choi, 2003; Singh et al., 2005b; Kumar, 2011) . Loss-of-function of the L gene, which is expressed ubiquitously in the eye imaginal disc (see Fig. 3A ), results in selective growth defects in the ventral half of the eye (Figs. 2, 3C,D) . The loss-offunction studies suggested that the requirement of L function evolves along the temporal axis (Singh and Choi, 2003; Singh et al., 2005b) . During early eye development, loss-offunction of L results in the complete loss of eye field (Fig. 3B) . However, loss of L gene function later during eye development causes selective loss of the ventral half of the eye (Singh et al., 2005b) . Loss-of-function of Ser also results in the similar loss of the ventral eye phenotype (Table 1; Singh and Choi, 2003; Singh et al., 2005b) . Interestingly, the timing of restriction of L/Ser functional domain from the entire developing eye field (Fig. 3D , E) to only the ventral half of the eye (Fig. 3B , C) corresponds to the onset of pannier (pnr) gene expression along the dorsal margin of the eye (Table 1 ; Fig. 2 ). During late first instar of eye development, the entire homogenous population of the ventral cells of the eye primordium transition into two distinct dorsal and ventral lineages with the onset of pnr expression on the dorsal eye margin (Singh and Choi, 2003) . This suggests that the ventral fate is the ground state of the larval eye imaginal disc, and L and Ser are essential for survival and/ or maintenance of this ventral state (Singh and Choi, 2003; Singh et al., 2005b Singh et al., , 2006 . 
Developmental Dynamics
72 SINGH ET AL.
DV PATTERNING IN THE EYE Genes Regulating Ventral Eye Growth
L, a gene involved in ventral eye development (Table 1) , was first reported in 1925, as a gene required for eye growth (Morgan et al., 1925) and was cloned in 2002 (Chern and Choi, 2002) . L encodes an ortholog of PRAS40 (Oshiro et al., 2007; Vander Haar et al., 2007; Wang and Huang, 2009) , and it is required during all stages of larval eye development (Chern and Choi, 2002; Singh et al., 2005b) . L protein is expressed in both dorsal and ventral domains throughout eye imaginal disc development (Fig. 3A) . Even though L is expressed uniformly in the entire eye field, L function is not required for growth and differentiation in the dorsal region of the eye (Chern and Choi, 2002; Singh et al., 2005b) . Evidence for this ''domain-specific'' function of L (ventral specificity) came from genetic mosaic analysis using a null mutation (Chern and Choi, 2002; Singh and Choi, 2003) . Loss-of-function clones of L show an eye suppression phenotype specifically in the ventral eye; however, the dorsal clones do not suppress eye fate and exhibit well-organized photoreceptor clusters (Chern and Choi, 2002; Singh and Choi, 2003) . Further genetic analysis revealed that this domain-specific L function in growth was downstream to N-signaling, mediating N function either in the same or parallel pathway (Chern and Choi, 2002) . Thus, the growth of early eye disc is controlled asymmetrically in the dorsal and ventral domains. Expression of L in both dorsal and ventral domains is puzzling since its function is only required for growth of the ventral domain. It is possible that an unidentified partner that is expressed in the dorsal domain of the eye imaginal disc antagonizes the L function, or L may be selectively activated by some yet to be identified partner in the ventral domain.
Another candidate gene that may be contributing to ventral eye development is decapentaplegic (dpp), a member of the TGF-b family of proteins, which acts as a long-range secreted morphogen (Table 1; Nellen et al., 1996; Chanut and Heberlein, 1997) . Dpp forms a gradient in the early eye anlage (anterior brain and eye field) that transverses from dorsal to ventral (Chang et al., 2001 ). In the early eye imaginal disc, Dpp is preferentially expressed in the ventral eye domain (Cho et al., 2000) . In dpp mutants, the ventral part of early eye disc exhibits similar pattern defects as seen in L mutants. This dpp phenotype may be an outcome of ectopic induction of pnr or wg expression in the ventral domain as observed in L mutants (Singh et al., 2005a) . In the DP of early eye imaginal disc Dpp, Hedgehog (Hh) and Wg signaling from the peripodial membrane is required to trigger N activation. Similar to limb patterning and development (Brook and Cohen, 1996; Penton and Hoffmann, 1996; Theisen et al., 1996) , during eye imaginal disc development, Dpp antagonizes Wg. This antagonistic interaction occurs in the peripodial membrane across the DV border (Cho et al., 2000) . Thus, Dpp signaling plays a role in inducing DV polarity from peripodial membrane.
Ser is the N ligand in the ventral domain of the eye imaginal disc (Table  1; Speicher et al., 1994; Cho and Choi, 1998; Dominguez and de Celis, 1998; Papayannopoulos et al., 1998; Dominguez and Casares, 2005) . Ser acts downstream of L in the ventral eye as Ser transcription is repressed in early eye discs from L si homozygous larvae. Evidence for this conclusion comes from the Ser-lacZ reporter expression. Interestingly, Ser-lacZ expression in the posterior medial region remains at a significant level. Loss-offunction clones of L cause strong reduction of Ser in the ventral eye whereas increased levels of L using the ''flp out'' approach induce Ser expression even in the dorsal domain of eye imaginal disc. Thus, L that acts downstream to N may be involved in inducing the Ser expression in the developing eye imaginal disc (Chern and Choi, 2002) . Hypomorphic alleles of Ser exhibit reduced eye size suggesting a role for Ser in eye development. However, Ser loss-of-function clones do not exhibit any phenotypes in the eye (Sun and Artavanis-Tsakonas, 1996; Papayannopoulos et al., 1998; Chern and Choi, 2002) , but misexpression of the dominant-negative form of Ser (Ser DN ) causes severe growth defects in the eye imaginal disc (Kumar and Moses, 2001; Singh and Choi, 2003) . It is possible that Ser function may be compensated by another factor, or Ser may somehow be secreted or transendocytosed into Fig. 1 . Drosophila eye is a highly organized structure. A-C: Eye antennal imaginal disc of a third-instar larva. B: Eye imaginal disc stained for membrane marker Disc large (Dlg: green) and Elav (red), a pan-neuronal marker that marks the photoreceptor neurons are shown. Arrowhead marks the position of the morphogenetic furrow (MF). C, C': Eye imaginal disc stained with Bar (B: green) to mark DV polarity. D: Scanning electron micrograph (SEM) of the wild-type Drosophila eye. Adult eye is a compound eye which is made up of 750-800 unit eyes, each termed an ommatidium (Wolff and Ready, 1993) . All ommatidia are organized as a regularly spaced hexagon arranged in mirror image symmetry along the dorso-ventral (DV) axis. E: Cross section of the adult compound eye showing arrangement of ommatidial clusters along DV axis (Wolff and Ready, 1993) . Note that in each ommatidium, eight rhabdomeres are organized in an asymmetric trapezoidal fashion. All these ommatidia within a compound eye are organized in two basic clusters based on the orientation of the trapezoid. If the R3 rhabdomere points up, it is dorsal, whereas the reverse is ventral. F: Cartoon showing the mirror image symmetry of ommatidial cluster orientation in the dorsal and ventral half of the adult eye. All the blue arrows mark the ommatidia in the dorsal half of the eye, while the red ones mark the ventral half of the eye. All images are oriented as Dorsal (up), Ventral (down), Anterior (right), and Posterior (left). AN, antenna. Fig. 2 . Ventral is the default state of the early eye imaginal disc. Larval eye primordium comprising a few cells require the function of ventral genes L/Ser for growth and proliferation (Singh and Choi, 2003) . Loss-of-function phenotype of L/Ser in the developing eye imaginal disc evolves along the temporal scale. During early first instar of larval development, loss-of-function of L/Ser results in complete loss of the eye field. However, after the onset of pnr expression during early second larval instar, which results in generation of DV lineage in the developing eye imaginal disc, loss of Drosophila results in loss of only the ventral half of the eye. However, in the late third-instar stage of development when retinal differentiation is almost complete, loss of L/Ser does not have a significant affect on overall adult eye morphology. Based on these results, it was proposed that the entire early eye primordium, prior to onset of pnr expression, is ventral in fate (Singh and Choi, 2003) . Calleja et al., 1996; Singh et al., 2004 neighboring cells as shown in experiments performed using a cell culture system (Klueg and Muskavitch, 1999; Kumar and Moses, 2001; Singh et al., 2005b) . This may explain the apparent lack of phenotype in Ser mutant clones. Misexpression of Ser DN in early eye imaginal disc using ey-Gal4 (Hazelett et al., 1998) results in either preferential loss of ventral eye or loss of the entire eye (Singh and Choi, 2003) . Misexpression of Ser DN in random gain-of-function clones generated by the ''flp-out'' method (Pignoni and Zipursky, 1997) results in suppression of eye fate in the ventral half of the eye. The similar phenotypes of Ser DN misexpression and L mutants in the eye disc further validate that L and Ser work in the same pathway to regulate the growth of the ventral eye domain.
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It is known that Ser can activate N only at the DV border since Ser-N interaction is prevented by Fringe (Fng) in the ventral domain cells away from the DV border of the eye imaginal disc. Fng is a glucosaminyltransferase that elongates O-linked fucose residues to the EGF domains of N (Okajima and Irvine, 2002) . Fng is known to bind N to promote N-Delta (Dl) interaction and is required to restrict N activation at the DV border (Irvine and Wieschaus, 1994; Kim et al., 1995; Fleming et al., 1997) . Contrary to the positive function of Fng in N-Dl interaction, Fng inhibits Ser-N interaction when it is bound to N protein (Ju et al., 2000; Singh et al., 2005b) . As a result, the N activation by Dl is enhanced only at the DV border. The expression pattern of these DV-patterning genes changes dynamically in the developing eye imaginal disc, thereby showing striking differences before and after the initiation of retinal differentiation. Initially, fng is expressed in the ventral domain of the eye imaginal disc, but as the eye imaginal disc undergoes retinal differentiation and the morphogenetic furrow proceeds anteriorly, fng expression further evolves. At this stage, fng exhibits preferential localization anterior to the furrow in both the dorsal and ventral eye domain. These results validate the conclusion of genetic mosaic studies, which suggested that DV pattern is established during early eye development prior to retinal differentiation. The essential role of Fng in DV patterning was demonstrated by analysis of fng mutant clones. In loss-of-function clones of fng in the ventral eye, DV polarity is reorganized near the ectopic fng þ / fng À border resulting in non-autonomous polarity reversals. This leads to the generation of de novo equators and ectopic localized activation of N at the fng þ /fng À boundary (de Celis et al., 1996; Cho and Choi, 1998; Go et al., 1998; Baonza and Garcia-Bellido, 2000) .
The DV axis in the wing imaginal disc is inverted in comparison to the eye imaginal disc. In the eye imaginal disc, Dl and Ser are preferentially expressed in the dorsal and ventral domains, respectively. However, the localization of Dl and Ser preferential expression is reversed in the developing wing imaginal disc. The inversion of the DV axis in the eye and the wing disc may be due to the fact that the eye disc rotates 180 during embryogenesis (Struhl, 1981) . Therefore, Ser functions as an N ligand in the dorsal cells, whereas Dl is the N ligand in the ventral cells. Not surprisingly, fng is ventral-specific in the eye but dorsal-specific in the wing imaginal disc.
Other candidate genes involved in ventral eye development are Chip and sloppy paired (slp) ( Table 1) . Chip, a transcriptional co-factor, is required for ventral eye development (Roignant et al., 2010) . Chip, a ubiquitous transcriptional co-factor, interacts with classes of transcription factors during neural development. Chip has been reported to establish the ventral boundary of the eye and the head tissue (Roignant et al., 2010) . Slp belongs to the forkhead family of transcription factors, which are required for embryonic patterning (Grossniklaus et al., 1992) . Slp locus has two transcription units. Both of them are expressed in the ventral eye and are functionally redundant (Sato and Tomlinson, 2007) . Slp and Iro-C proteins have been shown to repress each other at the DV midline. N signaling at the DV midline suppresses Slp at the midline (Sato and Tomlinson, 2007) .
Dorsal Selector Genes
It is known that compartment boundaries are defined by the spatio-temporal expression of genes (Blair, 2001; Curtiss et al., 2002; Dahmann et al., 2011) . For example, engrailed (en) and apterous (ap) are expressed in the posterior and the dorsal compartments of the wing imaginal disc, respectively (Brower, 1986; Cohen et al., 1992; Hidalgo, 1998; Held, 2002) . Thus, ''Selector'' genes were identified that assign a unique property to the cells within their expression domains, which results in the formation of unique territories (Blair, 2001; Curtiss et al., 2002) . Moreover, loss-of-function of these selector genes results in the loss of that particular fate. In the Drosophila eye, the presence of these selector genes (which exhibit dorsal or ventral domain specific expression) became apparent in the earlier enhancer trap screens (Bier et al., 1989; Bhojwani et al., 1995; Sun et al., 1995) . Enhancer trap lines containing mini-white (w) and lacZ reporter gene (P-lacW) Bier et al., 1989; Wilson et al., 1989; Bhojwani et al., 1995; Sun et al., 1995) that show domain-specific expression in the eye were isolated in the screens. Interestingly, some of these lines have w þ expression restricted only to the dorsal half of the adult eye. These enhancer trap lines have made significant contributions towards understanding the DV patterning in the eye (Choi et al., 1996; Sun and Artavanis-Tsakonas, 1996; McNeill et al., 1997; Kehl et al., 1998; Morrison and Halder, 2010) . Most of these dorsal-specific P insertion lines were mapped to the chromosomal region 69CD, identifying this region as a hot spot for P-lacW insertions that show dorsal eye-specific expression. The molecular characterization of this 69CD chromosomal region revealed the existence of a cluster of homeobox genes, araucan (ara), caupolican (caup), and mirror (mirr) (Gomez-Skarmeta and Modolell, 1996; McNeill et al., 1997; Grillenzoni et al., 1998; Heberlein et al., 1998; Kehl et al., 1998; Singh et al., 2005b ). This cluster of homeobox genes that are located within an approximately 140-Kb region (Netter et al., 1998) are expressed in the dorsal half of the eye. They are referred to as Iroquoiscomplex (Iro-C) because the mutation in these genes lacks lateral thoracic bristles and resembles the hair style Fig. 3 . Lobe (L) and Serrate (Ser) are required for cell survival in the developing eye imaginal disc. A: In the wild-type eye imaginal disc, L (green) expression is ubiquitous. Elav (red) marks the photoreceptor neurons. B: Wild-type adult eye. C, D: Loss of L results in the preferential loss of ventral half of the (C) developing eye imaginal disc, and (D) the adult eye. C: Eye imaginal discs stained for Wg (green) to identify dorsal versus ventral eye imaginal disc compartment. The boundary of the eye field is as outlined in C (white) and D (black) showing preferential loss of the ventral eye. E, F: Early loss-of-function of Ser by misexpressing dominant-negative form of Ser in the entire eye imaginal disc (Kumar and Moses, 2001; Singh and Choi, 2003) using an ey-Gal4 driver (Hazelett et al., 1998; Singh and Choi, 2003) results in complete loss of the eye field both in (E) the eye imaginal disc and (E) the adult. of the Indian tribe, the Iroquois, also referred to as Mohawks (a native tribe that shaved all but a medial stripe of hairs on the head) (GomezSkarmeta and Modolell, 1996; Leyns et al., 1996) . They named the genes Araucan and Caupolican in honor of Amerindian tribes: Aracaunians and one of their heroes Caupolican.
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The members of Iro-C are highly conserved, essential genes and exhibit significant differences in their expression pattern (Gomez-Skarmeta and Modolell, 2002) . Mirr is strongly and dynamically expressed in the CNS (Netter et al., 1998; Urbach and Technau, 2003) and it is essential for follicle cell patterning (Jordan et al., 2000) while Ara and Caup are preferentially expressed in mesodermal tissues in the embryos (Netter et al., 1998) . However, in the eye imaginal disc, all three Iro-C members are expressed in the dorsal half (Fig. 4E) , raising a possibility that they might be functionally redundant. Loss-offunction of the mirr e48 allele shows weak but significant defects of nonautonomous DV polarity reversals in comparison to mirr þ ommatidia in the dorsal half of the eye (McNeill et al., 1997) . Compartments of different cell lineages do not intermingle due to differences in cell identities and affinities (Garcia-Bellido et al., 1973; Irvine, 1999; Dahmann et al., 2011) . Somatic clones of cells lacking mirr function in the dorsal half of the eye exhibit smooth clone borders, indicating that cells lacking mirr avoid mixing with the neighboring mirrexpressing cells. However, the clones in the ventral half where mirr is not expressed show wiggly clone borders (Yang et al., 1999) . This analysis suggests that mirr functions as a dorsal fate selector. Since the phenotype of mirr clones was not strong enough, it raised the possibility that ara and caup, the other two members of Iro-C, can partly compensate for the loss of mirr function in the eye. The issue of functional redundancy got resolved when a deficiency iro DMF3 , which uncovers all three Iro-C genes by the deletion of ara and caup as well as a 5 0 -region of mirr (Gomez-Skarmata et al., 1996; Diez del Corral et al., 1999) , was employed for clonal analysis. Loss-of-function clones of iro DMF3 in the eye showed repolarization of the ommatidial polarity in the dorsal clones along with dorsal eye enlargement or formation of an ectopic eye field on the dorsal margin. There was no phenotype in the ventral half of the eye (Fig. 4F, G) . These results further highlighted the importance of a boundary between the dorsal and ventral cell types. These results strongly support that the three Iro-C genes are partially redundant, and the Iro-C as a whole is required for organizing the DV polarity pattern and growth of the eye.
Loss-of-function of iro DMF3 also suggested that Iro-C genes function as dorsal selectors for head structures as well since mutant clones in the dorsal region induce the formation of ventral head structures (Cavodeassi et al., 2000) . Ectopic ventral head tissues that resulted from loss of Iro-C genes are cell-autonomous and, therefore, accompanied by loss of corresponding dorsal structures. In contrast, ectopic ventral eyes are generated non-cellautonomously since reversals of DV ommatidial polarity are detected in Iro-C þ wild-type region adjacent to the mutant clones. This also supports the idea that the DV boundary is an organizing center for DV pattern and growth in the eye imaginal disc. Furthermore, DV patterning of the eye occurs in earlier larval stages than the head patterning. In the Drosophila eye, pnr, another dorsal gene, which is expressed in the dorsal eye margin (Fig. 4A) , exhibits similar loss-of-function (Table 1 ; Fig. 4B, C) and gain-of-function (Fig. 4D) phenotypes as observed with Iro-C in the eye and the head (Maurel-Zaffran and Treisman, 2000; Pichaud and Casares, 2000; Singh et al., 2005b; Oros et al., 2010) . Pnr, a GATA-1 transcription factor, plays an important role in dorsal eye development, and acts as a selector for dorsal eye fate (Ramain et al., 1993; Maurel-Zaffran and Treisman, 2000; Pichaud and Casares, 2000; Dominguez and Casares, 2005; Singh et al., 2005b; Oros et al., 2010) . In the hierarchy of dorsal genes, pnr is the top-most gene, and it induces Wingless (Wg), which, in turn, induces the expression of downstream target genes mirr in the dorsal half of the eye (Maurel-Zaffran and Treisman, 2000; Dominguez and Casares, 2005; Singh et al., 2005b) . During later stages of development, which correspond to the retinal differentiation stage in late second instar and third instar of larval eye development, pnr is involved in defining the dorsal eye margin by regulating the retinal determination (RD) genes (Oros et al., 2010) .
Wg, a secretory protein and a morphogen, is expressed along the antero-lateral margins of the thirdinstar eye imaginal disc (Table 1; Baker, 1988) . Wg plays multiple roles during eye development. One of these roles of Wg is to promote growth of the early eye imaginal disc. During early eye development, Wg expression is restricted to the dorsal eye domain (Cho et al., 2000; Chang et al., 2001) . During retinal differentiation stage, Wg is known to prevent ectopic induction of retinal differentiation from the lateral eye imaginal disc margin (Ma and Moses, 1995; Treisman and Rubin, 1995) . Thus, Wg that acts as a negative regulator of the eye during retinal differentiation functions as a dorsal eye fate gene. Dl, an N ligand in the dorsal eye imaginal disc, has been assigned to the dorsal gene category in the early eye imaginal disc Pichaud and Casares, 2000; Singh and Choi, 2003) . Elav (red) marks the photoreceptor neurons. B, C: Loss-of-function clones of pnr result in the enlargement of the existing dorsal eye field (e.g., in the clone outlined in B) in the eye imaginal disc (B) and adult eye (C). B: Note that there is a non-autonomous eye enlargement in the eye imaginal disc, which is attributed to generation of a de novo equator in the dorsal compartment of the eye imaginal disc (Maurel-Zaffran and Treisman, 2000; Oros et al., 2010) . D: Misexpression of pnr (ey>pnr D4 ) in the eye imaginal disc suppresses eye fate, validating a late function of pnr in defining the eye field boundary (Oros et al., 2010) . E: The expression domain of the members of Iroquois complex (Iro-C>GFP, green) spans the dorsal region of the eye imaginal disc. F, G: Loss-of-function of Iro-C causes dorsal eye enlargements in the (F) eye imaginal disc and in (G) adult eye. These phenotypes are similar to the (B, C) pnr loss-of-function phenotypes. H: Misexpression of ara, a member of Iro-C, in the entire eye imaginal disc (ey>ara) results in small eye. D, Dorsal; V, ventral.
( Table 1) . Dl is preferentially expressed in the dorsal domain of eye imaginal discs during first-and second-instar stages.
GENES WITH DOMAIN SPECIFIC GROWTH RESPONSE: ROLE OF TEASHIRT (TSH) AND HOMOTHORAX (HTH)
In addition to the genes that exhibit DV domain-specific expression during patterning, there is a group of genes, which show differential functions in the dorsal-ventral compartments, but are not expressed in a DV-specific pattern. These genes can be broadly classified into two groups: (1) Genes expressed uniformly in the eye imaginal disc but their functional domain is restricted only to the ventral half of the eye, for example L and hth (Table  1) ; (2) Genes that are expressed uniformly in the early eye imaginal disc function differently in the dorsal and ventral half of the eye, for example, tsh (Table 1 ).
1. Hth: Hth a vertebrate homolog of murine proto-oncogene MEIS1 (Moskow et al., 1995) , encodes a homeodomain transcription factor of the three-amino-acid extension loop (TALE) sub-family (Rieckhof et al., 1997) . Like L, hth is expressed in the entire early eye primordium. However, with the onset of differentiation in the eye, Hth expression gets restricted to the cells anterior to the furrow (Fig. 5A, A' ; Pai et al., 1998; Pichaud and Casares, 2000; Bessa et al., 2002; Singh et al., 2002a) . Even though hth is expressed anterior to the furrow both in the dorsal and ventral half of the eye imaginal disc (Fig. 5A, A') , the loss-of-function of hth causes eye enlargement only in the ventral eye margin (Fig. 5B, B' ). However, loss-of-function clones of hth in the dorsal compartment do not show any phenotype in the eye imaginal disc. Furthermore, hth mutant cells do not survive in the anterior eye (Pichaud and Casares, 2000; Bessa et al., 2002 Bessa et al., , 2008 . As expected, misexpression of hth suppresses the eye fate . Moreover, eye suppression function of Hth is independent of any domain constraint. Hth is involved in multiple functions during development, and it is required for nuclear localization of a homeoprotein Extradenticle (Exd). hth encodes a protein with nuclear localization signal (NLS) and two conserved domains: the N terminal evolutionarily conserved Fig. 5 . Domain-specific function of hth is restricted to the ventral eye margin. A, A': Hth (green) is expressed in the entire peripodial membrane (PM) whereas disc proper specific expression of Hth is restricted anterior to the furrow both in the dorsal as well as the ventral domain of the eye imaginal disc (Rieckhof et al., 1997; Pai et al., 1998; Pichaud and Casares, 2000; Bessa et al., 2002; Singh et al., 2002a) . ELAV (red), a pan neural marker, marks the photoreceptors neurons in the eye imaginal disc. B, B': Loss-of-function clones of hth marked by the absence of the GFP reporter (clonal boundary marked by white dotted line) in the ventral eye results in eye enlargement, whereas in the dorsal eye these clones do not have any effect. C, D: Misexpression of hth in the entire eye using ey-Gal4 driver (ey>>hth) results in a reduced eye field as seen in (C) the eye imaginal disc and (D) adult eye .
MH domain (for Meis and Hth), and a C-terminal region including the homeodomain (HD) (Rieckhof et al., 1997; Kurant et al., 1998; Pai et al., 1998; Noro et al., 2006) . Alternative splicing is known to provide additional complexity to the genes encoding the Hth transcription factors (Glazov et al., 2005; Noro et al., 2006) . Hth forms a heterodimer with Exd through its MH domain and translocates into the nucleus to regulate transcription (Ryoo et al., 1999; Jaw et al., 2000; Stevens and Mann, 2007) . Since Exd is present in the entire eye, the ventral specific function of Hth has been proposed through its interaction with Wg and Tsh. Together they are involved in suppression of eye fate on the ventral margin. 2. Tsh: The homeotic gene tsh encodes a C2H2 zinc-finger transcription factor with three widely spaced Zinc finger domains Fig. 6 . DV asymmetric function of homeotic gene teashirt (tsh) in the developing eye imaginal disc depends on the spatial cues provided by other genes that are expressed in DV asymmetric fashion (Singh et al., 2004) . Gain-of-function of Tsh suppresses the eye fate in the ventral eye, whereas it promotes dorsal eye enlargement. It has been shown that the DV asymmetric function of Tsh in the developing eye imaginal disc depends on the domain-specific cues provided by genes that are either expressed or function in a DV-asymmetric fashion. Tsh in collaboration with Wg and Ser can induce Hth in the ventral eye to suppress the eye fate. The ventral eye suppression function of tsh is independent of other ventral-specific genes like fng and L. In the dorsal eye, tsh is known to promote growth and eye in collaboration with Iro-C members and an N ligand in the dorsal eye, Dl (Singh et al., 2002 (Singh et al., , 2004 (Singh et al., , 2005b . D, Dorsal; V, ventral. (Singh and Choi, 2003; Singh et al., 2005b Singh et al., , 2006 . (II) Later during development, DV lineage is generated by onset of expression of dorsal gene pnr (Singh and Choi, 2003) . Pnr acts upstream of Wg, which in turn triggers the expression of downstream Iro-C members (Maurel-Zaffran and Treisman, 2000) . Dl, an N ligand, is involved in dorsal eye development. The default ventral eye fate is maintained by function of L and Ser (Singh and Choi, 2003; Singh et al., 2005b) . There are three other players involved in ventral eye development, namely, fringe (fng) Dominguez and de Celis, 1998; Papayannopoulos et al., 1998; Irvine, 1999; Cho et al., 2000; Dominguez and Casares, 2005) , Chip (Roignant et al., 2010) , and Sloppy paired (Slp) (Sato and Tomlinson, 2007) . L is known to act antagonistically to the dorsal genes to define the boundary between the dorsal and ventral compartment of the eye (Singh et al., 2005a) . L and Ser also interact antagonistically with hth on the ventral eye margin to define the ventral eye margin boundary (Singh et al., 2005b) . There is a positive feedback loop between Wg and Hth on the ventral eye margin (Pichaud and Casares, 2000; Singh et al., 2004; Dominguez and Casares, 2005; Singh et al., 2005b) . Chip acts independently of hth (Roignant et al., 2010) . Sloppy paired (Slp) is involved in ventral eye development by repressing Iro-C at the DV midline (Sato and Tomlinson, 2007) . These DV-patterning genes work together and contribute towards sculpting the final shape and size of the adult eye. (III) The ommatidial clusters within an adult eye are organized into two mirror symmetric orientations that are polarized in the opposite directions in the dorsal and the ventral half. The dorsal selectors exhibit a dorsal-specific expression of mini-white reporter genes in the adult eye.
Developmental Dynamics (Fasano et al., 1991) . Tsh plays an important role during Drosophila eye development (Pan and Rubin, 1998; Bessa et al., 2002; Singh et al., 2002a Singh et al., , 2005b Datta et al., 2009; Kumar, 2009 Kumar, , 2010 Kumar, , 2011 . tsh is expressed both in dorsal and ventral eye anterior to the furrow, and it exhibits a DV constraint in its function. In the ventral eye, tsh acts as a repressor of eye fate, whereas in the dorsal eye, it promotes eye development ( Fig. 6 ; Singh et al., 2002b Singh et al., , 2004 . Interestingly, the DV constraint in tsh function in the eye stems from the partners with which it collaborates in the dorsal or the ventral eye disc ( Fig. 6 ; Singh et al., 2004) . It was shown that Tsh cooperates with Iro-Complex members and Dl in the dorsal eye for its growth promotion function ( Fig. 6 ; Singh et al., 2004) .The function of tsh in the ventral eye is dependent on Hth and Ser. The expression of tsh overlaps with hth in the eye imaginal disc, and like hth, tsh expression also evolves during larval eye development. Initially, in the first-instar eye imaginal disc, tsh is expressed in the entire eye imaginal disc but its expression retracts anteriorly to nearly three-quarters of the eye imaginal disc when the retinal differentiation begins (Bessa et al., 2002; Singh et al., 2002a) . Furthermore, Tsh and Hth physically interact with each other [along with Pax-6 homolog, Eyeless (Ey)] to repress the expression of downstream target genes (Bessa et al., 2002; Dominguez and Casares, 2005) . Further insights into the potential mechanism of tsh and hth in regulating growth and differentiation in the eye came initially from analysis of expression patterns of the retinal determination (RD) gene network members (Bessa et al., 2002) . It has been proposed that Tsh, Hth, and Ey coexpress in the proliferating cells anterior to furrow to block precocious retinal differentiation and promote cell proliferation (Bessa et al., 2002; Singh et al., 2002a; Dominguez and Casares, 2005) . All these studies suggest that DV patterning genes contribute towards the growth of the eye field.
BOUNDARY FORMATION DURING ORGANOGENESIS
One of the important questions is how organ size and growth are regulated by DV patterning genes in the eye. The dorsal selector genes assign a dorsal fate, and, thereby, generate a group of cells with unique properties that make them different from the default ventral state cells of the developing eye disc. Interestingly, the boundary between the dorsal and ventral cells is maintained by the antagonistic interactions between the genes required for the growth and development of the dorsal and ventral domains of the eye ( Fig. 7 ; Singh et al., 2005a) . It has been shown that L is essential for growth of the ventral eye tissue, but it is dispensable in the dorsal region specified by pnr function (Singh and Choi 2003) . In addition to a boundary between the dorsal and ventral compartment within the eye, a boundary is defined between the developing eye field and the surrounding head cuticle on the dorsal and ventral margins (Fig. 7) . Since the adult eye, head cuticle, and other mouthparts are generated from the eye-antennal imaginal disc, there is a sequential fate restriction between the developing eye and head cuticle. Interestingly, these DV-patterning genes play an important role of defining the boundary of the eye field on the dorsal and the ventral margins (Oros et al., 2010) .
The boundary between the eye field and the head cuticle on the dorsal margin is regulated by pnr (Fig. 7) . It has been shown that pnr function evolves during eye development. During early second instar of development, pnris required for defining the dorsal lineage, before the onset of retinal differentiation, by inducing Wg and members of the Iro-C complex (Maurel-Zaffran and Treisman, 2000; Singh and Choi, 2003; Singh et al., 2005b; Oros et al., 2010) . However, later during the late second-instar stage of eye development, when the morphogenetic furrow (MF) is initiated, pnrsuppresses the photoreceptor differentiation at the dorsal eye margin (Oros et al., 2010) . The endogenous expression of pnris only in the peripodial membrane of the dorsal eye margin, which gives rise to the adult head cuticle. Loss-of-function clones of pnrexhibit ectopic dorsal eyes, which are restricted within the clones, and suggests that absence of pnrfunction promotes ectopic eye formation in the dorsal eye margin. Thus, Pnr defines the boundary between the head cuticle and the dorsal margin of the developing eye field ( Fig. 7 ; Oros et al., 2010) . Since pnris not expressed in the ventral eye, there is a different mechanism to define the boundary of the eye field on the ventral margin. The boundary of the eye field on the ventral eye margin is defined by the antagonistic interaction of L with hth (Singh et al., 2011) . In the ventral eye, transcriptional co-factor Chip interacts with the LIM-homeodomain proteins to define the boundary of the eye field (Roignant and Treisman, 2009 ). Interestingly, Chip-mediated regulation of the ventral eye boundary is independent of hth (Roignant and Treisman, 2009 ). Thus, the genetic cascade that regulates the boundary of the eye field on the dorsal and the ventral margin of the eye is different.
CONCLUDING REMARKS
Our understanding of the axial patterning of the Drosophila eye is far from complete. In this review, we have described the overview of key developmental events and genes involved in early DV patterning. The DV compartment formation is a key to initiate patterning and growth in the early eye imaginal disc. The present information clearly illustrates that DV patterning is required to initiate the generation of heterogeneous population (dorsal and ventral cell fate) of cells within a homogenous (default ventral fate) early eye primordial. Although our knowledge on the DV patterning in the eye has dramatically increased in recent years, we still do not know the molecular interactions important for the regulation of DV patterning. Moreover, many more genes (both known and novel) are expected to be involved in DV patterning, and future studies using novel genetic and bioinformatics approaches should help in defining the full complement of genes involved in this intricate process. Identification and functional analysis of more molecular players involved in this process will help provide a better picture of how a small number of cells in the disc primordium grow to form a precise pattern of mirror symmetry in the compound eye. Furthermore, the possibility of crosstalk of the DV patterning pathway with other signaling pathways to regulate growth during the early phase of eye development cannot be ruled out. All this information will lay a foundation about understanding the process of organogenesis, as loss-offunction of the genes involved in DV patterning results in loss of the eye field or a part of the eye field. The complexity and precision of the neural connectivity in the adult visual system has fascinated researchers for a long time. The DV polarity of the retina is responsible for controlling the targeting of the retinal axon projections to the brain in humans and other higher vertebrates. Thus, DV patterning genes also contribute towards the wiring of the brain to the retina. How all these different facets work together to define the final form of this complex eye structure is an open question and is of fundamental importance.
SIMILARITIES WITH VERTEBRATE EYE
The basic sensory epithelium design of the vertebrate and most invertebrate eyes including Drosophila eye is similar (Charlton-Perkins and Cook, 2010; Sanes and Zipursky, 2010) . The morphogenetic furrow (MF) in the fly eye is analogous to the wave of neurogeneis in the vertebrate retina (Neumann and Nuesslein-Volhard, 2000; Hartenstein and Reh, 2002) . Recent studies in the vertebrate visual systems have identified several genes that are expressed in a DV domainspecific manner in the retina. BMP4, a TGF-Beta closely related to Dpp, has been implicated in development of progenitor cells in the dorsal half of the eye and in establishment of the DV axis of the retina in Xenopus (Papalopulu and Kintner, 1996) . The dorsal selectors of the vertebrate eye, BMP-4 and TbX5, act to restrict the expression of Vax2 and Pax2 to the ventral domain of the eye (KoshibaTakeuchi et al., 2000; Mui et al., 2002; Peters, 2002; Peters and Cepko, 2002) . These DV expression domains correspond to the developmental compartments (Peters, 2002; Peters and Cepko, 2002) . The DV patterning plays an important role in retinotectal projection pattern (Koshiba-Takeuchi et al., 2000; McLaughlin et al., 2003) . The R-cell projections form a precise topographic connection with the optic lobe, and are referred to as retinotopy, which is common to both the vertebrate and the insect visual system (Gaul, 2002) . Furthermore, Jagged-1(Jag1), a vertebrate homolog of the Drosophila ventral eye gene Ser, shows a DV asymmetric expression pattern in the retina. Moreover, the loss-of-function of Jag1 results in Alagille's syndrome, which also affects the eye (Oda et al., 1997; Xue et al., 1999; Kim and Fulton, 2007) . Interestingly, it has been shown that mouse retina also begins with a default ventral-like state (Murali et al., 2005) . Therefore, the DV boundary may play conserved roles in organizing growth and pattern of visual system in higher animals, and studies in Drosophila will further our knowledge in the area of animal development mechanisms and help to unravel the genetic underpinnings of developmental defects caused by mutations in human homologs of Drosophila DV patterning genes.
